Elicitation of broadly neutralizing antibodies is essential for the development of a protective vaccine against HIV-1. However, the native HIV-1 envelope adopts a protected conformation that conceals highly conserved sites of vulnerability from antibody recognition. Although high-definition structures of the monomeric core of the envelope glycoprotein subunit gp120 and, more recently, of a stabilized soluble gp140 trimer have been solved, fundamental aspects related to the conformation and function of the native envelope remain unresolved. Here, we show that the conserved central region of the second variable loop (V2) of gp120 contains sulfated tyrosines (Tys173 and Tys177) that in the CD4-unbound prefusion state mediate intramolecular interaction between V2 and the conserved base of the third variable loop (V3), functionally mimicking sulfated tyrosines in CCR5 and anti-coreceptor-binding-site antibodies such as 412d. Recombinant gp120 expressed in continuous cell lines displays low constitutive levels of V2 tyrosine sulfation, which can be enhanced markedly by overexpression of the tyrosyl sulfotransferase TPST2. In contrast, virion-associated gp120 produced by primary CD4 + T cells is inherently highly sulfated. Consistent with a functional role of the V2 sulfotyrosines, enhancement of tyrosine sulfation decreased binding and neutralization of HIV-1 BaL by monomeric soluble CD4, 412d, and anti-V3 antibodies and increased recognition by the trimer-preferring antibodies PG9, PG16, CH01, and PGT145. Conversely, inhibition of tyrosine sulfation increased sensitivity to soluble CD4, 412d, and anti-V3 antibodies and diminished recognition by trimer-preferring antibodies. These results identify the sulfotyrosine-mediated V2-V3 interaction as a critical constraint that stabilizes the native HIV-1 envelope trimer and modulates its sensitivity to neutralization.
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T he development of a protective vaccine remains a high priority for the global control of the HIV/AIDS epidemic (1). However, the unique biological features of HIV-1 make this task extremely challenging. The main obstacles include the ability of the virus to integrate into the host chromosomes, a remarkable degree of genetic variability, and the cryptic, antibody-shielded conformation adopted by the viral envelope in the native spikes that protrude from the virion surface (2) . These spikes are composed of homotrimers of heterodimers of the envelope glycoprotein subunits gp120 and gp41 maintained in an energetically unfavorable, metastable conformation (3, 4) . Upon binding to CD4 and a coreceptor such as CCR5 or CXCR4, gp120 undergoes dramatic conformational changes that lead to a low-energy state, creating permissive conditions for activation of the gp41 fusogenic mechanism (3). In the prefusion conformation, gp120 effectively conceals its highly conserved receptor-and coreceptor-binding sites from antibody recognition, imposing a high-entropy penalty for interaction with CD4 or antibodies to the coreceptor-binding site such as 17b; in contrast, in the open, low-energy conformation, gp120 interacts with CD4 and 17b with minimal thermodynamic changes (4, 5) . This conformational masking of the vulnerable receptor-and coreceptor-binding sites is believed to be a primary mechanism of immune evasion by HIV-1 (4).
The inherent conformational flexibility of gp120, along with the extensive N-linked glycosylation that covers most of the exposed surface of the glycoprotein, has severely hampered attempts to elucidate the native structure of the HIV-1 envelope spike. As a consequence, most of the available high-definition structures of gp120 have been obtained with deglycosylated, variable looptruncated core monomers in complex with stabilizing ligands such as soluble CD4 (sCD4) (6) (7) (8) (9) (10) . Important information regarding the overall conformation and ligand interactions of the trimeric spike at intermediate resolution has emerged from the use of increasingly refined cryo-electron microscopy (cryo-EM) technologies (11) (12) (13) (14) (15) (16) (17) . Moreover, the crystal structure of a stabilized, soluble, cleaved gp140 trimer (BG505 SOSIP.664) at 4.7-Å resolution was reported recently (18) . However, despite these advances, many critical aspects related to the structural mechanisms of HIV-1 immune vulnerability and evasion remain unresolved. In particular, the fine molecular details of the interaction between the second and third variable loops (V2 and V3, respectively) of gp120, which are believed to play a critical role in stabilizing the prefusion envelope structure (19) (20) (21) , are elucidated only partially. Functionally, V2 and V3 cooperate in the formation of quaternary epitopes targeted Significance Despite intensive efforts, the structure of the native HIV-1 envelope trimer-the sole relevant target for vaccine designhas remained elusive. Our work identifies a key structural constraint that stabilizes the native envelope conformation and modulates its sensitivity to neutralization. We show that this constraint is established by previously unrecognized sulfated tyrosines within the second variable loop (V2) of the envelope glycoprotein subunit gp120, which mediate intramolecular interaction with the base of the third variable loop, V3. Strikingly, the V2 sulfotyrosines functionally mimic those present in the N terminus of the CCR5 coreceptor, which bind to the same V3 region. Our results shed light on the mechanisms adopted by HIV-1 to elude immunologic control and open new perspectives for vaccine design.
by some of the most potent and broadly neutralizing mAbs hitherto identified (22, 23) , and V2 effectively masks neutralization epitopes in V3 (24) (25) (26) (27) . Cryo-EM studies have provided evidence that in the prefusion conformation V2 and V3 are spatially contiguous and account for most of the density at the apex of the trimeric envelope spike (12) (13) (14) (15) (16) (17) . Although various fragments of V2 and V3 were crystallized separately using antibody-complexed synthetic peptides (28, 29) , scaffolded chimeric constructs of the first and second variable loops (V1V2) (30, 31) , or a V3-containing gp120 core monomer (8), the only study in which the two loops were visualized simultaneously is the recent report of the BG505 SOSIP.664 trimer crystal structure (18) . In this artificially stabilized trimer, which displays several antigenic features of the native envelope (32), V2 and V3 appear to interact directly at the trimer apex with the V3 β-hairpin extensively buried under the V1V2 four-stranded Greekkey β-sheet (18) .
In the present study, we provide evidence that the conserved central region of the gp120 V2 loop contains previously unrecognized sulfated tyrosines that, in the CD4-unbound prefusion state, mediate intramolecular interaction between V2 and the CCR5-binding site at the base of V3. Our results suggest that the sulfotyrosine-bolstered interaction between V2 and V3 is a key structural constraint that stabilizes the native conformation of the HIV-1 envelope trimer.
Results
The Conserved Central Region of the V2 Loop of HIV-1 gp120 Contains Sulfated Tyrosines. Despite their definition as variable loops, the V2 and V3 regions of gp120 contain highly conserved domains (33) . Because several lines of evidence suggest that V3 establishes direct interaction with V2 (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , and the conserved base of V3 is the binding site for the N-terminal region of the CCR5 coreceptor (34), we looked for potential structural homology between V2 and CCR5. We recognized that the conserved central region of V2 contains two tyrosine residues (Tyr173 and Tyr177) with spacing identical to that of two tyrosines (Tyr10 and Tyr14) present in the N-terminal region of CCR5 (Fig. 1A) . Tyr177 is highly conserved across all HIV-1 subtypes (>99%), whereas Tyr173 is conserved in subtypes A, B, and C but often is replaced by histidine in subtypes D, E, and F (∼66% cross-subtype conservation). Because Tyr10 and Tyr14 in CCR5 were shown to be posttranslationally modified by O-sulfation (35) and to play a critical role in the interaction of CCR5 with V3 (36), we investigated whether the V2 tyrosines also can be sulfated. Western blot analysis using a highly specific anti-sulfotyrosine (Tys) mAb (Fig. S1 ) documented the presence of sulfated tyrosines in gp120 immunoprecipitated from the surface of HeLa cells expressing full-length cleavable gp160 from the subtype-B HIV-1 isolate BaL (Fig. 1B) . Because gp120 contains additional tyrosine residues both within and outside V2, we produced a partial V2-deletion mutant that selectively excludes Tyr173 and Tyr177 (BaL Δ164-190). Despite comparable levels of gp120 expression, the Tys signal was abrogated in the deletion mutant (Fig. 1B) , indicating that gp120 sulfation is specific and occurs selectively at Tyr173 and Tyr177.
To confirm the presence of sulfated tyrosines in gp120 and their selective localization in the V2 loop using a different methodology, we performed metabolic labeling with free [ The identity of the gp120 sulfotyrosines was investigated further by mutating Tyr173 and Tyr177 to phenylalanine either individually (Y173F, Y177F) or in combination (Y173F/177F).
All three mutants showed a loss of Tys signal by Western blot (Fig. 1D) , confirming that the central V2 tyrosines selectively account for gp120 sulfation. The absence of signal in both positions with individual phenylalanine mutants is in line with observations made with single phenylalanine mutants of the CCR5 N terminus (35) , suggesting that tyrosine sulfation is hampered by the presence of neighboring phenylalanines.
Overexpression of Tyrosyl Protein Sulfotransferase 2 Enhances the Low Constitutive Levels of gp120 Tyrosine Sulfation in Continuous
Cell Lines. Because continuous cell lines are generally inefficient in posttranslationally modifying tyrosines by O-sulfation (37), we evaluated by Western blot the con-stitutive levels of gp120 tyrosine sulfation in CHO cells and the effects of overexpression of tyrosyl protein sulfotransferase 2 (TPST2) or treatment with the sulfotransferase inhibitor sodium chlorate (NaClO 3 ) (35). To visualize low levels of tyrosine sulfation, high amounts of gp120 were loaded (fivefold dilutions starting at 1,250 ng per lane). Fig.  2A shows that the constitutive levels of tyrosine sulfation in CHO-expressed recombinant gp120 (BaL) were low, but they could be enhanced markedly by overexpression of TPST2, whereas treatment with 30 mM NaClO 3 totally abrogated the signal ( Fig. 2A ), even though it had no adverse effects on cell viability (Fig. S2 ).
Virion-Associated gp120 Produced by Infected Primary CD4
+ T Cells Is
Highly Sulfated. Next, we tested the levels of V2 tyrosine sulfation in gp120 purified from HIV-1 virions produced by primary human CD4 + T lymphocytes, which are physiologically relevant target cells for HIV-1 infection. Relative quantification of sulfation levels was obtained by direct side-by-side comparison of purified gp120 with a reference sulfated human mAb, 412d, which contains two sulfotyrosines in its CDRH3 domain (37) . When identical amounts of serially diluted virion-associated gp120 from HIV-1 BaL (V-gp120) and mAb 412d were loaded onto the same gel, both proteins displayed high levels of tyrosine sulfation, as indicated by the presence of visible bands at protein concentrations as low as 10 ng per lane, which is close to the lower detection limit of the method (Fig. 2B) . In contrast, no signal was detected with recombinant homologous gp120 (BaL) produced in HEK293 cells (R-gp120). These results indicate that a major fraction of virionassociated gp120 produced by primary CD4 + T cells contains sulfated tyrosines.
To confirm the presence and efficiency of tyrosine sulfation in different HIV-1 envelopes, we tested gp120 purified from whole virions of six unrelated viral isolates produced in primary CD4 + T cells, including both laboratory-expanded and primary isolates displaying different coreceptor-use phenotypes: three isolates were CCR5-tropic (BaL, JR-FL, ADA); two were dual-tropic (92US077, 92HT599); and one was CXCR4-tropic (IIIB). Fig.  2C shows that sulfotyrosine signals were detected in all cases with 10 ng of gp120, indicating a high degree of sulfation efficiency. Of note, 92HT599, a rare isolate that lacks the highly conserved Tyr177, displayed a reduced sulfotyrosine signal. Taken together, these data demonstrate that in different HIV-1 isolates grown in physiologically relevant target cells the V2 tyrosines are sulfated efficiently, in sharp contrast with the inefficiency documented in continuous cell lines.
A Tyrosine-Sulfated V2 Peptide Mimetic Interacts with the CCR5-Binding Site at the Base of V3. Having established that the V2 loop of gp120 contains sulfated tyrosines with spacing identical to that in the CCR5 N terminus, we hypothesized that these modified tyrosines could functionally mimic the CCR5 sulfotyrosines and mediate intramolecular interaction of V2 with the base of V3 in the CD4-unbound, prefusion gp120 state. This interaction is compatible with the recently published crystal structure of a soluble SOSIP gp140 trimer (18) , in which the 173-177 segment is directly juxtaposed to the CCR5-binding region at the base of V3, even though sulfotyrosines were not detected in this structure (most likely because the trimer was produced in HEK293 cells). Because the sulfated human mAb 412d interacts with the CCR5-binding site in V3 (34), we tested the ability of a tyrosine-sulfated 18-amino acid peptide mimetic derived from the central region of V2 (pV2α-Tys; amino acids 168-185, bearing sulfations on both Tyr173 and Tyr177) to compete with 412d binding to gp120 (BaL) by surface plasmon resonance. Because the 412d-binding site becomes accessible only after binding to CD4 (37), gp120 was precomplexed with sCD4. Fig.  3A shows that peptide pV2α-Tys potently inhibited binding of surface-bound mAb 412d to CD4-activated gp120, whereas its unsulfated counterpart (pV2α) had a limited effect. No binding was detected in the absence of sCD4. As an additional control, we tested a tyrosine-sulfated peptide derived from the CCR5 N terminus, pCCR5-Tys (amino acids 1-22, bearing sulfations on both Tyr10 and Tyr14), which, in line with previous observations, markedly reduced gp120-sCD4 binding to 412d (37) , whereas the corresponding unsulfated peptide (pCCR5) had no effect. Specificity was further confirmed by the lack of inhibition of gp120 binding to a control mAb, F105 (Fig. 3A) .
The interaction of the V2 peptide mimetic with the 412d-binding site was confirmed using a virion-capture assay in which the HIV-1 envelope is displayed on the surface of intact virions. To reveal the 412d-binding site, the viral stock (BaL) was treated with sCD4 before capture by antibody-coated magnetic beads. Fig. 3B shows that peptide pV2α-Tys dramatically reduced virion capture by 412d, whereas the unsulfated peptide (pV2α) had a limited effect; likewise, 412d-mediated virion capture was significantly reduced by the sulfated CCR5 peptide but not by its unsulfated counterpart. As an additional proof of specificity, none the peptides affected virion capture by a control mAb, 2G12 (Fig. 3B) . Taken together, these results support the concept that in unliganded gp120 the V2 sulfotyrosines interact with the CCR5-and 412d-binding site at the base of V3. produced in HEK293 cells (R-gp120). Identical amounts of serially diluted mAb 412d and purified gp120s were loaded onto the gels under nondenaturing conditions, as indicated over each lane. For V-gp120, the protein was immunoprecipitated directly from the infectious viral stock (BaL), quantified, and analyzed by Western blot as described in A. The loading control for mAb 412d was revealed using a murine mAb specific for human IgG. (C) Detection of sulfated tyrosines in virion-associated gp120 purified from different HIV-1 isolates grown in primary human CD4 + T cells. Infectious viral stocks from six primary and laboratory isolates with different coreceptoruse phenotypes were used: Three were CCR5-tropic (BaL, JR-FL, ADA), two were dual-tropic (92US077, 92HT599), and one was CXCR4-tropic (IIIB). The sequences of the tyrosine-sulfated segments of V2 (amino acids 170-181) from the tested isolates are as follows: JR-FL: QKEYALFYKLDV; BaL: QKEYALFYELDI; 92US077: QKEDAFFYKSDV; ADA: KKDYALFYRLDV; 92HT599: QKEYALFSKLDV; IIIB: QKEYAFFYKLDI. Although BaL contains an unusual acidic residue (Glu) at position 178, which may favor tyrosine sulfation at position 177, all the other isolates contained a basic residue (Lys or Arg) at position 178. The gp120 proteins were immunoprecipitated directly from the viral stocks, quantified, and analyzed by Western blot as in A.
of tyrosine sulfation on gp120 epitope accessibility and neutralization using a panel of antibodies to the major neutralization regions of gp120 and monomeric sCD4. The experiments were performed on full-length, cleavable gp160 derived from two unrelated HIV-1 isolates, BaL and YU2, expressed on the surface of HeLa cells. A striking dichotomous effect was observed on the antigenic profile of gp120 from both isolates ( Fig. 4A and Fig. S3 ). Enhancement of tyrosine sulfation by TPST2 overexpression dramatically reduced binding of monomeric sCD4 (receptor-binding site), mAb 412d (coreceptor-binding site) (37) , and anti-V3 loop mAbs B4e8 (38) and D19 (39) , all ligands with a restricted binding capacity to the native trimeric spike. In contrast, TPST2 overexpression markedly increased recognition by the trimer-preferring antibodies PG9, PG16, CH01, and PGT145, which are directed to quaternary, glycan-dependent V2 epitopes that are stabilized on the native trimer (22, 23, 40) . Opposite effects were observed when tyrosine sulfation was inhibited by NaClO 3 treatment, with a marked increase of sCD4, 412d, and anti-V3 antibody binding and a reciprocal decrease in recognition by trimer-preferring antibodies. Binding of three broadly neutralizing antibodies which readily recognize the native trimer, b12 and VRC01 (CD4-binding site) (9, 41) , and 2G12 (outer domain) (42), was not affected significantly.
Of note, neither TPST2 overexpression nor NaClO 3 treatment had adverse effects on the levels of gp160 expression, as evaluated by reactivity with a control antibody, 2F5, directed against the gp41 membrane-proximal external region ( Fig. 4A and Fig. S3 ). The pattern of epitope exposure observed by flow cytometry was mirrored precisely by the results of neutralization studies. As illustrated in Fig. 4B, TPST2 overexpression increased the resistance of HIV-1 BaL to neutralization by sCD4, 412d, and anti-V3 antibodies but at the same time made the virus more sensitive to neutralization by PG9, PG16, CH01, and PDT145. On the other hand, inhibition of V2 tyrosine sulfation by NaClO 3 treatment increased neutralization by sCD4, 412d, and anti-V3 antibodies and decreased sensitivity to trimer-preferring antibodies. Overexpression of TPST2 had only a slight inhibitory effect on neutralization by 2G12, b12, and VRC01, in accordance with the ability of these antibodies to bind with high affinity to the native trimeric spike. Neutralization by the control anti-gp41 antibody 2F5 was totally unaffected. Consistent with a diminished interaction with CD4, the efficiency of the fusion reaction was reduced slightly in TPST2-expressing cells compared with untreated and NaClO 3 -treated cells (see the legend for Fig. 4B ). As a further proof of specificity, NaClO 3 treatment did not affect the neutralization sensitivity of the gp160 Δ164-190 mutant (Fig. S4) , which lacks sulfated tyrosines ( Fig. 1 B and C) . Although these results await confirmation on a larger panel of HIV-1 isolates of different genetic subtypes, they suggest that the sulfotyrosine-mediated V2-V3 interaction plays a critical role in stabilizing the trimeric envelope conformation and specifically modulates the sensitivity of HIV-1 to antibody-mediated neutralization.
Discussion
In this study, we provide evidence for the presence of sulfated tyrosines within the V2 loop of the external HIV-1 envelope glycoprotein subunit gp120 and show that these modified tyrosines play an important role in the functional structuring of the native envelope by stabilizing the intramolecular interaction between V2 and V3. Tyrosine sulfation is a posttranslational modification that is estimated to occur in ∼7% of mammalian proteins and is increasingly recognized as an important modulator of protein-protein interaction (43) . Tyrosine sulfation of functional relevance was identified previously in several host proteins that bind to gp120, including coreceptors (35) , antibodies to the coreceptor-binding site such as 412d (37) , and, more recently, antibodies to glycan-dependent quaternary epitopes such as PG9 and PG16 (44) . Unlike these previous examples, however, our data identify tyrosine sulfation within a viral protein, as reported for varicella-zoster virus envelope glycoproteins (45) . Furthermore, it is remarkable that HIV-1 appears to have modeled the tyrosine-sulfated region of the V2 loop after the N-terminal domain of the CCR5 coreceptor, which interacts with the same conserved region at the base of V3. Our results shed light on the mechanisms whereby V2 occludes the coreceptor-binding site in the prefusion envelope conformation, preventing access to 412d and other sulfated antibodies. Upon binding to CD4, however, V2 unclamps from V3, unraveling the coreceptor-binding site and allowing the sulfated coreceptor N terminus to replace V2 at the base of V3. These events promote subsequent conformational changes that eventually lead to the fusion event.
The direct V2-V3 interaction described herein is supported by biological and structural evidence. Functional and antigenic interactions between V2 and V3 have long been recognized (21) (22) (23) (24) (25) (26) (27) , and spatial proximity between these two loops has been documented by both cryo-EM studies (12) (13) (14) (15) (16) (17) and the recently solved crystal structure of a stabilized soluble SOSIP trimer at 4.7-Å resolution (18) . Despite the lack of sulfated tyrosines (presumably because the soluble trimer was produced in HEK293 cells), the latter structure is consistent with our model because it shows the 173-177 segment of V2 directly juxtaposed to the CCR5-binding region at the base of V3, with the most conserved of the two sulfotyrosines, Tyr177, establishing van der Waals contacts with Ile420, Leu154, and Leu175, as well as an H-bond with Asn302, all residues that are proximal to the predicted binding pocket for the homologous sulfotyrosine (Tys14) of CCR5 (34) . It is likely that the addition of sulfate groups would markedly affect the local conformations and interactions, including the establishment of additional H-bonds between Tys177 and Arg298, Asn300, A B Fig. 3 . Competition of a tyrosine-sulfated V2 mimetic peptide with mAb 412d binding to gp120. (A) Effect of a tyrosine-sulfated V2-loop mimetic peptide (pV2α-Tys; amino acids 168-185) on mAb 412d binding to gp120 as assessed by surface plasmon resonance. A tyrosine-sulfated peptide derived from the CCR5 N terminus (pCCR5-Tys; amino acids 1-22) and unsulfated peptides from V2 (pV2α) and CCR5 (pCCR5) were tested in parallel as controls. MAb 412d was immobilized on the sensor surface and tested for binding to gp120 (BaL) pretreated with two-domain sCD4 in the presence or absence of the peptides used at 166 μM. A control antibody (F105; no sCD4 pretreatment) was tested in parallel as a control. The data are from a representative experiment of three that were performed with similar results. (B) Effect of tyrosine-sulfated and unsulfated V2-loop and CCR5 N terminus mimetic peptides on HIV-1 virion capture by mAb 412d. Infectious viral stocks from HIV-1 BaL were pretreated with sCD4 (5 μg/mL) in the presence or absence of the indicated peptides (each at 100 μM) and then were mixed with immunomagnetic beads prearmed with mAb 412d. A control antibody (2G12; no sCD4 pretreatment) was tested in parallel as a further specificity control. The data presented are mean values (± SD) from three independent experiments. Asterisks denote significant differences from the virion capture in the peptide-untreated control (P < 0.01 by unpaired Student t test).
and the backbone of Arg327, resulting in a significant increase in the total binding energy. Thus, the absence of sulfated tyrosines may be one of the reasons why the SOSIP.664 trimer, albeit reportedly in a "near-native" conformation (32), maintains some phenotypic properties of the open gp120 structure, such as reactivity with anti-V3 mAbs that do not neutralize the homologous virus, intermediate-affinity binding to monomeric sCD4, and an unfavorable ratio between the concentrations of trimer-preferring antibodies required for binding versus neutralization of the homologous virus (32) .
The divergent effects on gp120 epitope exposure and neutralization that we observed upon modulation of sulfation attest to the biological relevance of tyrosine sulfation in the V2 loop. Although the present results were obtained with only two HIV-1 envelopes and need to be validated on a larger panel of genotypically and phenotypically diverse isolates, they suggest that the sulfotyrosinebolstered V2-V3 interaction is a critical mechanism whereby HIV-1 constrains the envelope trimer in its metastable native conformation. The native trimer was shown to shield specific vulnerable sites-most notably the receptor-and coreceptor-binding sites (1-4)-effectively from antibody recognition, but at the same time it stabilizes quaternary epitopes recognized by a unique group of trimer-preferring antibodies, such as PG9, CH01, and PGT145, that make direct contact with high-mannose glycan moieties at the trimer apex (22, 23, 40) . Thus, HIV-1 must cope with an immunologic oxymoron by which protection of key vulnerable sites is associated with exposure of other vulnerable sites. However, the generation of trimer-preferring antibodies is a challenging process for the host immune system that requires selection for long CDRH3 domains and extensive somatic hypermutation (2, 40) .
Several considerations point to Tys177, analogous to Tys14 in CCR5, as the most important V2 sulfotyrosine for stabilizing the interaction with V3, whereas Tys173, corresponding to Tys10 in CCR5, may play a less critical role. In agreement with this model, Tys177 is extremely conserved across all HIV-1 subtypes, whereas Tys173 shows greater variability, being conserved in subtypes A, B, and C but often replaced by histidine in subtypes D, E, and F. Although we cannot exclude that different viral genotypes may have devised slightly different solutions to stabilize the V2-V3 interaction, genetic and phenotypic diversity is a true hallmark of HIV-1, as reflected by a broad range of neutralization sensitivities among primary isolates. Thus, variation at position 173 or neighboring amino acids that may influence the efficiency of V2 tyrosine sulfation (43) might be exploited by different HIV-1 isolates to finetune the tightness of their antibody shield, balancing the need to maintain a high replication fitness and the need to elude immunologic recognition of the receptor-and coreceptor-binding sites.
As seen with other posttranslational modifications such as Nlinked glycosylation, tyrosine sulfation varies remarkably in different cell lineages. Indeed, we found that gp120 sulfation in certain continuous cell lines is inefficient, presumably because of limited endogenous expression of tyrosyl sulfotransferases. This observation has important practical implications, because cell lines such as CHO and HEK293 are widely used for the production of recombinant gp120 for structural, biological, and clinical studies, including atomic-level structure determination (6-10, 18), standardized neutralization assays (46) , and experimental vaccine trials (47, 48) . These considerations emphasize the need to use in vitro expression systems that implement physiologically relevant posttranslational modifications. Importantly, we found that in primary human CD4 + T lymphocytes, which are the main physiological target cells for HIV-1 infection, gp120 from different viral isolates was sulfated efficiently, corroborating the biological relevance of this modification.
Finally, our findings provide a further rationale for considering the conserved central region of V2 as a potential target for HIV-1 vaccine development, emphasizing tyrosine sulfation in this region not only as a component of the immunogenic epitopes A B Fig. 4 . Effect of V2 tyrosine sulfation on gp120 (BaL) epitope exposure and neutralization. (A) Modulation of V2 tyrosine sulfation alters gp120 (BaL) epitope accessibility. Flow cytometry was performed on HeLa cells expressing full-length, cleavable HIV-1 BaL gp160 on their surface. V2 tyrosine sulfation was enhanced by overexpression of the sulfotransferase TPST2 or inhibited by treatment with the sulfotransferase inhibitor NaClO 3 (30 mM). A panel of human mAbs directed to the indicated domains of gp120 and gp41 or fourdomain soluble CD4 (sCD4) (each at 5 μg/mL) was used. BS, binding site; CoR, coreceptor; OD, outer domain. The sequence of the tyrosine-sulfated segment of V2 (amino acids 170-181) of HIV-1 BaL is QKEYALFYELDI. The data represent mean fluorescence intensity values after subtraction of background fluorescence levels. The signals obtained with the reference antibody 2F5 were used to verify that cell-surface envelope expression levels were comparable in the three cultures. The data presented are from a representative experiment of three that were performed with similar results. (B) Modulation of V2 tyrosine sulfation alters HIV-1 BaL neutralization sensitivity. Neutralization experiments were performed using an HIV-1 envelopemediated fusion assay with the same panel of anti-gp120/gp41 antibodies and sCD4 as in A, which were tested at the indicated concentrations. The fusion assay was performed using vaccinia technology as described (39) with HeLa cells expressing full-length cleavable HIV-1 BaL gp160 as effector cells and NIH 3T3 cells expressing human CD4 and CCR5 as target cells. Tyrosine sulfation was enhanced and inhibited as described in A. The fusion values were normalized to the value obtained with untreated controls for each culture condition. The mean absolute levels of envelope-mediated fusion for the experiment shown, after background subtraction, were the following: untreated, 1.136 optical density units; NaClO 3 -treated, 1.192 optical density units; TPST2 overexpression, 0.891 optical density units. The data presented are mean values (± SE) of duplicate wells from a representative experiment of three that were performed with similar results.
but also as a key modulator of their 3D structure. Thus, the presence and extent of V2 tyrosine sulfation may be relevant criteria for the evaluation of candidate vaccine immunogens, because a high rate of gp120 sulfation may favor the adoption of a more stable prefusion conformation. Moreover, the stabilizing effect of V2 tyrosine sulfation on the HIV-1 envelope structure may be exploited to promote crystallization of gp120 in both monomeric and trimeric forms.
Materials and Methods
The presence and localization of sulfated tyrosines in HIV-1 gp120 were investigated by Western blot using a specific anti-sulfotyrosine antibody and by metabolic labeling. Details of materials and methods used in this work are given in SI Materials and Methods. This section describes methods for the detection of sulfated tyrosines, modulation of tyrosine sulfation, peptide synthesis, surface plasmon resonance, HIV-1 virion capture, flow cytometry, neutralization of HIV-1 envelope-mediated fusion, and statistical analysis.
